Introduction 20
Proteus mirabilis is a Gram-negative bacillus that exhibits a cooperative form of 21 motility termed swarming. In liquid culture, P. mirabilis exists as peritrichously 22 flagellated swimmer cells that are 1-2 microns in length. When placed on solid surfaces, 23 the swimmer cells undergo physical and biochemical changes to form swarmer cells that 24 are characterized by the following changes: (i) up-regulation of flhDC, encoding the class 25 I master regulator of the flagellar regulon, (ii) hyper-flagellation, and (iii) a 20 to 50-fold 26 increase in cell length while remaining multi-nucleated and aseptate (reviewed in (22, 36, 27 38)). Elongated swarmer cells align parallel to each other, entangling their flagella to 28 from a swarming raft (23). As a group, this raft radiates out from the central inoculum to 29 form a ring of swarming. When an unknown signal is sensed, the cells consolidate, or 30 de-differentiate, back into swimmer cells. This process of swarming and consolidation 31 repeats to form a characteristic bull's eye pattern on an agar plate (39). How P. mirabilis 32 recognizes they are on a surface and change their gene expression profile accordingly is 33 just beginning to be understood. Several mechanisms have been proposed; including the 34 inhibition of flagella rotation on surfaces and the accumulation of putrescine, which may 35 act as a cell-to-cell signaling molecule to regulate gene expression (1, 40) . Consistent 36 with a role for flagellar inhibition, the addition of anti-flagellar antibodies or agents that 37 increase media viscosity increase the rate of swarmer cell differentiation (3). Also, 38 mutations in fliL, encoding a component of the flagellar basal body, result in swarmer cell 39 differentiation under non-inducing conditions (3). The mechanism by which FliL 40 transmits a signal to regulate gene expression has not been defined (3). More recently, 41
we proposed a role for the O-antigen in sensing surfaces (35) . We hypothesized that O-42 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from Construction of mutations. For allelic replacement, the rcsF and umoB genes were 129 cloned into pBC and digested with BglII and HindIII respectively. The kanamycin 130 cassette from pUC4KIXX was ligated into the gene at either the BglII or HindIII site after 131 blunting the ends with T4 DNA polymerase. The disrupted genes were subcloned into 132 pKNG101 (24) and maintained in E. coli SM10 λpir . The strains were mated with either 133 PM7002 or PM942waaL::km r and selected on tetracycline and streptomycin to select for 134 a Campbell type insertion. It was possible to construct kanamycin insertions in these 135 genes in the PM942 waaL::kan R background because pKNG101 encodes streptomycin 136 resistance to select for plasmid integration and the use of different kanamycin resistance 137 genes avoids recombination via these genes. In addition, pKNG101 contains the sacB 138 gene allowing for sucrose selection to select for the second recombination event which 139 results in excision of the vector and either restoration of the wild-type allele or leaving 140 only the mutated allele. Allelic replacement was confirmed by Southern blot (see below). 141
See antigen and the Rcs phosphorelay (7, 14) . As seen in Fig. 1A , the rcsB and rcsC 186 mutations restored swarming to PM942 waaL::km R with migration distances of 12 and 9 187 mm, respectively, compared to 0.3 mm for PM942. The rcsF mutation in the PM942 188 waaL::km R background also restored swarming (4 mm), but these levels were below that 189 conferred by the rcsB and rcsC mutations (Fig. 1A) . The rcsB, rcsC and rcsF mutations 190 were also constructed in wild-type PM7002 background for comparison purposes. The 191 rcsB and rcsC mutations conferred a hyperswarming phenotype with migration distances 192 of 26 and 22 mm, respectively, compared to 12 mm for wild-type PM7002 (Fig. 1B) . 193 This is consistent with previous studies that also noted a hyperswarming phenotype in 194 these mutants (2, 10, 26) . Surprisingly, the rcsF::km R mutation had no effect on phosphorelay activity when the signal originates outside the periplasm (18, 21, 27, 29) . 258
To investigate the possibility that RcsF may influence UmoB and/or UmoD activity, 259
RcsF was co-expressed with either UmoB or UmoD in wild-type PM7002. UmoB was 260 expressed on pTrc99A from the lac promoter, however IPTG was not added because the 261 leaky expression already resulted in a hyper-swarming phenotype and overexpression 262 was toxic (data not shown). The rcsF gene was present on the compatible plasmid 263 pACYC184 and expressed from the tet promoter. Both genes had their native ribosome 264 binding sites. When RcsF was overexpressed by itself, there was only a slight negative 265 effect on swarming (Fig. 4A) . As seen previously, the overexpression of UmoB resulted 266 in a hyper-swarming phenotype. However, when both genes were overexpressed, RcsF 267 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from inhibited the hyper-swarming phenotype conferred by UmoB overexpression, restoring 268 swarming to near wild-type levels (Fig. 4A) . There was no appreciable defect on growth 269 in any of the strains used that would account for the swarming effects (data not shown). 270
The RcsF protein was also overexpressed in combination with UmoD using the 271 same approach described above. However, in this case, RcsF overexpression did not 272 inhibit the activity of UmoD, as the expression of both proteins mediated a hyper-273 swarming phenotype that was not statistically different from the overexpression of UmoD 274 alone (Fig. 4A) . UmoB or UmoD activity, either protein was overexpressed in PM7002 and PM942 286 waaL::km R backgrounds with and without an rcsF::Km R mutation. As seen in Fig. 5A , 287 the rcsF::Km R mutation increased the activity of UmoB based on the increased levels of 288 swarming. In contrast, the overexpression of UmoD in wild-type and rcsF mutant 289 backgrounds resulted in an equivalent increase in swarming (Fig. 5A) (Fig. 5B) . However, the ability of UmoD 292 overexpression to stimulate swarming was similar in wild-type and rcsF::kan 293 backgrounds (Fig. 5B) . 294
295
The levels of rcsF, umoB, and umoD mRNA are unchanged in PM942 waaL::km R . 296
To determine if rcsF, umoB or umoD expression was altered by the loss of O-antigen, the 297 accumulation of mRNA from each gene was examined in a wild-type PM7002 and 298 rcsB genes restored swarming to the waaL mutant (Fig. 1) . In addition, as seen 317 previously, rcsB and rcsC mutations conferred a hyper-swarming phenotype in a wild-318 type background. However, an rcsF mutation had no effect on swarming in a wild-type 319 background, but partially restored swarming to the waaL mutant (Fig. 1) . One 320 explanation for the differential effects of the rcsF mutation is that RcsF has only a minor 321 role in activating the Rcs phosphorelay during swarming and that additional protein UmoD appeared to be less active based on swarming levels that were significantly lower 333 than PM942 waaL::km R containing an rcsB::Sm mutation (Fig. 2B) . Dufour et al, 334 suggested that UmoD and UmoB act in the same pathway to control flhDC expression, 335 with UmoD acting upstream and required for UmoB activity (13). This was based on the 336 finding that overexpression of UmoB could suppress the effect of an umoD mutation on 337 swarming, but not vice versa. Our data is consistent with these results and expand on 338 them by providing data consistent with a role for UmoD and UmoB in activating flhDC 339 by inhibiting the Rcs phosphorelay (Fig. 3) . This is supported by the following: (i) umoD 340 and umoB mutants fail to swarm and this swarming defect can be suppressed by an rcsB 341 mutation (Fig. 3) . Moreover, the umoB, rcsB and umoD, rcsB double mutants swarmed at 342 the same high levels as an rcsB mutant alone, suggesting they act in the same pathway 343 (Fig. 3A) , (ii) overexpression of UmoB in the rscB mutant background did not increase 344 swarming above the already high levels exhibited by the rcsB mutant alone (Fig. 3B) , and 345 (iii) in S. enterica, an UmoB homolog (IgaA) has been shown to inhibit activity of the 346 Rcs phosphorelay (12, 30, 31, 42) . 347
The role of RcsF in swarming was also investigated by overexpressing it together 348 with UmoB or UmoD in either wild-type or a waaL mutant background. In both 349 backgrounds, the overexpression of RcsF inhibited UmoB activity (Fig. 4, panels A and  350 B). However, the overexpression of RcsF with UmoD had no effect on UmoD activity in 351 wild-type cells (Fig. 4A) the inhibition of UmoB is provided in Figure 5 , where the overexpression of UmoB 356 resulted in a greater increase in swarming in the rcsF::Km background than in wild-type. 357
One caveat of our data that should be taken into consideration is the possibility 358 that the loss of O-antigen in the waaL background creates a cell envelope stress that 359 activates the Rcs phosphorelay. Although this possibility cannot be ruled out, we feel 360 that it is unlikely. First, the waaL mutant exhibits normal swimming motility, indicating 361 that the Rcs phosphorelay is not constitutively active (35). However, this does not rule 362 out the possibility that the potential envelope stress due loss of O-antigen is specific to 363 solid surfaces. Second, a wzz mutant containing O-antigen with reduced chain length that 364 does not accumulate unligated O-antigen precursors in the periplasm is also unable to 365 activate flhDC and flaA on surfaces (35). This proposed O-antigen surface sensing 366 pathway likely functions at least partially independent of the surface sensing pathway 367 mediated by the inhibition of flagellar rotation that was proposed by Belas and 368 Suvanasuthi (3) . This is based on our unpublished studies that indicate a motA mutation, 369 which leaves the flagellar filament intact but is unable to rotate, does not alter the de-370 repression of flhDC on solid surfaces. 371
Using the above data, a preliminary model is presented for how P. mirabilis 372 senses surfaces using O-antigen, the UmoB/D proteins and the Rcs phosphorelay (Fig. 6) . by antimicrobial peptides can alter RcsF activity; however, in this case it was proposed 383 that the outer membrane change resulted in a spatial or conformational change that 384 favored RcsF contacts with the RcsC or RcsD proteins or IgaA (UmoB) (16). Therefore, 385 it is possible that RcsF can differentially respond to various outer membrane changes. 386
The activation of UmoD may occur by a conformation or localization change that allows 387 it to make more favorable contacts with UmoB (IgaA) and increase its activity by a yet to 388 be determined mechanism. The overexpression of UmoD conferred a greater increase in 389 swarming than UmoB overexpression (Fig. 2) . Several possibilities can account for this. The reported values represent the average swarming diameter for three individual 1µL 600 drops for each strain that was measured during the first consolidation period. The 601 starting diameter of each spot after addition to the LB surface was 4 mm and this was 602 subtracted out from the final diameter. An asterisk between two values indicates a 603 statistically significant difference was present (p value < 0.05). 604 
